Abstract. A model of infrared neural stimulation (INS) has been developed to allow the temporal characteristics of different stimulation parameters and geometries to be better understood. The model uses a finite element approach to solve the heat equation and allow detailed analysis of heat during INS with both microsecond and millisecond laser pulses. When compared with experimental data, the model provides insight into the mechanisms behind INS. In particular, the analysis suggests that there may be two broad regimes of INS: the process tends to be limited by the total pulse energy for pulse lengths below 100 μs, while the temperature gradient with respect to time becomes more important above 100 μs.
Introduction
Infrared neural stimulation (INS) is a novel technique in which neurons are stimulated through the use of short pulses of infrared light, rather than the more conventional electrical stimulation. 1 There is interest in using INS to replace or complement electrical stimulation 2 in bionic devices, with particular interest for use in cochlear implants. 3 A significant potential advantage of optical stimulation over more traditional electrical stimulation is higher spatial selectivity. 1, 4 Additionally, it does not create an artifact on electrical recording devices or require direct contact between the stimulation source (e.g., optical fiber) and nerves. 1 The mechanism behind INS had been the subject of some discussion in the literature. 1, [5] [6] [7] [8] Recent work suggests that INS is primarily mediated by water absorption and that a rapid increase in temperature from short laser pulses reversibly changes the membrane capacitance. 6 This finding is in agreement with that of Wells et al., 5 who concluded that a strong temporal thermal gradient is necessary to achieve INS. Additionally, Albert et al. 8 have shown that temperature-induced activation of TRPV4 channels plays a prominent role in the response of some sensory neurons (retinal and vestibular ganglion cells from rats) to infrared illumination. It remains unclear how the two effects contribute to the overall response and how these in vitro results relate to in vivo experimentation, given the different thresholds required in each case. Nevertheless, it is clear that transient heating plays a critical role in INS, and therefore it is important to consider the effects of heat flow during and after laser exposure.
When different parts of a body are at different temperatures, heat flows from the hotter to cooler parts. 9 There are three distinct mechanisms in which this can occur: heat conduction, where the heat is transmitted by the vibrational energy of atoms being passed on; convection, where heat is transmitted by the motion of heated gas or liquid to a cooler region; and radiation, where heat is transmitted directly by electromagnetic radiation. 9 In the case of laser-tissue interactions, usually only heat conduction needs to be considered. As radiative heat transfer depends on T 4 (Stefan-Boltzmann law), 10 its contribution is usually negligible at room temperature. Rates of convection depend on the tissue's perfusivity, and since most tissues have a low perfusivity, 10 this is also negligible and can be ignored. Heat conduction in a homogeneous, isotropic solid is described by the heat equation partial differential equation (PDE):
where α ¼ k∕ðρc p Þ is the material's thermal diffusivity, with k the thermal conductivity, ρ the density, and c p the specific heat capacity of the material. To describe the rate at which heat added to the material by absorption of light from a laser, a new term A is introduced:
General analytical solutions of the heat equation are possible for simple geometries, 9,11-13 but in more complex geometries a finite element modeling (FEM) approach is generally more straightforward.
14 Solutions for the heat equation have been used to better understand light-tissue interactions in processes such as laser ablation 15 and heating during infrared spectrosopy. 16 The duration of laser pulses that have been used for INS range from 5 μs 17 to 10 ms. 6 For pulse durations where the thermal penetration depth (δ z ¼ ffiffiffiffiffiffiffi 4αt p ) is comparable with the size of the target neurons, heat conduction in principle can be ignored. For the spiral ganglion neurons, which have a 10 μm diameter of the cell body, 18 in water (thermal diffusivity α ¼ 1.43 × 10 −7 m 2 ∕s) this gives a time of 175 μs. Therefore for pulses of this duration or shorter, the peak temperature should only depend on the pulse energy. On the other hand, for pulses longer in duration, the peak temperature and temperature distribution will also depend on the conduction of heat in the media interacting with the laser and the duration of the laser pulse. While it is convenient to approximate the thermal properties of tissues as homogeneous at the cellular scale, there is some evidence that the temperature rise can be inhomogeneous for a uniform heat source. 19 In that case, heat conduction may be important on length scales comparable with the size of the target cells. Additionally, a previous investigation of INS in the cochlea has suggested that stimulation using pulse lengths with a thermal penetration depth on the order of target cell size may require less energy than longer pulse duration. 17 Theoretical calculations of temperature rises during INS usually do not account for heat being conducted away during the laser pulse. 2, 17, 20 For short pulses (t < 1 ms), this is a reasonable approximation due to the small thermal penetration depth δ z . However, there has not been a thorough investigation of the effects of thermal conduction during and after the laser pulse. Nor have the effects of fiber design and experimental geometry on the thermal decay rate been considered. Additionally, the temperature distribution across the boundaries of media with greatly different absorption coefficients, such as that of glass (μ a ≪ 1 mm −1 ) and water or tissue (μ a ≳ 1 mm −1 ), cannot be accurately predicted without taking into account conduction of heat into the glass. This is of particular importance for in vitro work, where cells are frequently attached to a glass coverslip. 6 The spatial dependence of light absorption and resulting temperature changes during INS have previously been investigated through the use of Monte Carlo simulations. 21 However the temporal behavior of the heat generated and the effects of fiber geometry and wavelength selection on temperature decay have not been investigated. Here we report on extensions to the model of Ref. 21 , taking into account thermal conduction through use of finite element analysis to solve the heat equation. The effects of heat conduction are investigated for laser pulse durations in the microsecond to millisecond range.
Finite Element Analysis of Heat Conduction
For this work, a finite element analysis approach to the heat equation was implemented, using the Monte Carlo simulations from Thompson et al. 21 to provide the the laser irradiation patterns that give the initial heat distribution AðtÞ. Optical constants for absorption (μ a ), scattering (μ s ), anisotropy (g), and refractive index (n) are the same as used in Ref. 21 and are summarised in Table 1 for a wavelength of 1850 nm. For other wavelengths, the absorption coefficient (μ a ) follows water absorption 22 as a first approximation due to the lack of information regarding light absorption in tissue at these wavelengths. For fused quartz, a nominal absorption coefficient of μ a ¼ 0.01 was used, with a scattering of μ s ¼ 0. Thermal diffusivity of water (α ¼ 1.43 × 10 −7 m 2 ∕s) was used for tissue and perilymph, as reductions in thermal conductivity due to a reduced water content are usually compensated by a similar reduction in heat capacity. 23 For simplicity tissue was given the same heat capacity as water. The thermal diffusivity of fused quartz was taken as 8.3 × 10 −7 m 2 ∕s (Ref. 24) . For thermal diffusivity of air at room temperature, a value of 2.0 × 10 −5 m 2 ∕s was used. 24 The simulation was implemented in OpenCL, a hardwareagnostic application programming interface for general purpose computing on CPUs and GPUs. This approach takes advantage of the high-performance computing power of modern CPUs and GPUs to reduce computation time. [25] [26] [27] A voxel size of 5 μm was used in a 256 × 256 × 256 voxel three-dimensional (3-D) grid, with the initial heat distribution provided in a 200 × 200 × 200 3-D grid from the Monte Carlo simulation. This gives buffers of 28 voxels or 140 μm on each edge of the simulation. Beyond the 256 3 grid the temperature was held constant at a reference temperature of 21ºC (room temperature). As this boundary condition could provide an artificially high rate of temperature decay, a comparison was made against a 780 μm buffer. Using a 1-ms pulse of 1850-nm light from a 200 μm core fiber, the temperature at a point 500 μm from the fiber rises to 3.63ºC at the end of the pulse in both cases. After t ¼ 300 ms, the small buffer was 1% lower than the 780 μm buffer. By 500 ms, the temperature with the small was 6% lower at a temperature of 0.121ºC compared with 0.129ºC for the 780 μm buffer. This suggests that the buffer size is not a significant factor for t ≲ 300 ms.
In this study a forward difference finite element approximation was implemented. This approach is stable provided that the time step is less than the maximum time step (Δt max ), which for the 3-D heat conduction PDE is given by Δt max ¼
Δx 2 6α
(Ref. 14) . For a simulation with a thermal diffusivity of (α ¼ 1.43 × 10 −7 m 2 ∕s) and a voxel size of x ¼ 5 μm, this gives Δt max ¼ 29 μs. Generally a time step of Δt ¼ 1 μs was used here.
Heating During Millisecond Duration Pulses
Due to the thermal diffusivity of water and tissue, it is reasonable to expect that a significant amount of heat conduction will occur during millisecond duration pulses. This may affect the resulting peak temperature and temperature distribution. To assess the effect of heat conduction on pulses of various length, the output from a continuous wave laser is considered. Figure 1 shows (a) the temperature and (b) the instantaneous rate of change of temperature (henceforth referred to as the temperature gradient) when the laser is turned on at t ¼ 0. These results were based on a 10 mW laser beam with wavelengths of 1850 and 1870 nm, measured in a nerve layer 500 μm from a fiber with a 200 μm core and 0.22 NA. For 1850 nm, the temperature has increased by 0.36ºC, after 10 ms, compared with 0.45ºC for no conduction, a reduction of 20%. The temperature gradient shows an even greater reduction, falling from an initial value of 0:045°C∕ms to 0:030°C∕ms by 10 ms, a change of 35%. A wavelength of 1870 nm shows similar trends to the 1850 nm. Therefore, for millisecond duration pulses, thermal conductivity has a significant effect on the final temperature and estimations of the temperature rise due to an instantaneous pulse are not representative of the actual temperature. Extrapolating from the results, the temperature may reach equilibrium after ∼500 ms, where any further heat added by the laser is conducted away the same rate.
While short laser pulses (t < 100 μs) have been shown to be most effective for INS in the cochlea, there are also many examples in the literature of millisecond duration pulses being used for INS.
5-8 Figure 2 shows the normalized change in temperature from a single pulse of 1 ms, with various wavelengths. Water is used as the transmission, absorption, scatter, and conduction medium as it has similar properties to tissue 23 and simplifies comparisons between different wavelengths and distances from the fiber to the target position. For λ ¼ 1850 nm, the temperature is reported 500 μm from the fiber, while for λ ¼ 1937 nm, the temperature is taken 55 μm from the fiber. The different distances are due to the significantly higher absorption for λ ¼ 1937 nm compared with 1850 nm and corresponds to a distance between the fiber and nerve used in experimental work. 17 For purposes of comparison, 1870 nm is provided at both distances. For a 1 ms pulse at λ ¼ 1850 nm, the change of temperature over time is illustrated in Fig. 3 , showing snapshots at 0.5, 1, 10, and 20 ms. Figure 2(a) shows the temperature profile, with the full 1 ms pulse and first 4 ms of thermal evolution highlighted in the Fig. 1 (a) Temperature rise generated by a 10 mW laser running CW over 100 ms: solid lines show the temperature with conduction taken into account; dashed lines show the temperature if there was no conduction; (b) temperature gradient from a 10 mW laser running CW over 100 ms. insert, using wavelengths of 1850, 1870, and 1937 nm with pulse energies (E pulse ) selected to give the same peak temperature. With excitation 500 μm away from the nerve, both 1850 and 1870 nm display an immediate decrease in temperature; however, when the excitation is shifted to just 55 μm from the nerve the 1870 nm has a slower decay in temperature while the 1937 nm pulse displays an increase in temperature for around 1 ms after the pulse has finished and before starting to decay. Over longer time periods, both wavelengths at 500 μm from the fiber display similar decay rates. At 55 μm, the decay is initially slower than that of 500 μm, but after 10 ms, it overtakes the temperature decay at 500 μm. The 1937 nm pulse also has a more rapid decay than 1870 nm. The faster decay to baseline temperature with more strongly absorbing wavelengths is expected as the heating is more localized at the fiber tip. 5, 28 Figure 2(b) shows when a pulse energy of 25 μJ is used for all wavelengths. A temperature of 0.11ºC is achieved for 1850 nm at 500 μm, 0.14ºC for 1870 nm at 500 μm, 0.34ºC for 1870 nm at 55 μm, and 1.16ºC for 1937 nm at 55 μm. During temperature decay, the pulses with the higher initial temperature remain higher than the other pulses, even 250 ms after the pulse.
It is also worth noting that the spatial localization of light, driven by the fiber parameters and absorption coefficient at the wavelength selected, is the most significant factor driving changes in thermal relaxation times. At 500 μm from the fiber with a wavelength of 1850 and 1870 nm, there is minimal difference in the temperature after 250 μs, while at 55 μm there is a larger difference between the two wavelengths (1870 and 1937 nm).
If a single exponential curve [TðtÞ ¼ A expð−tBÞ] is fitted to the decay, it does not agree well with the model results, but returns to the baseline level faster than predicted. A sum of exponentials [TðtÞ ¼ A expð−tBÞ þ C expð−tDÞ] provides a closer fit than a single exponential. However, an analytical solution (not presented here) for the temperature decay on-axis from a collimated beam of light in a material of uniform absorption (μ a ) and thermal diffusivity (α) suggests that as t → ∞, the decay is best represented by TðtÞ ∝ t −3∕2 , which has a longer decay time than either an exponential or sum of two exponentials. This slower decay may limit the frequency of repeated pulses that can be used before the tissue heats beyond a damage inducing threshold.
To check the accuracy of the model and provide further information about the temporal behavior of heating during INS, the geometry for the model was arranged to match the experimental arrangement used by Shapiro et al. 6 for oocyte stimulation. Oocyte stimulation was performed with a 1889-nm laser coupled to a 400 μm core fiber. During stimulation, the fiber was positioned below a 100 μm thick quartz coverslip and aimed up towards the oocyte. When performing temperature measurements, the oocyte was removed and temperature measurements were made using pipette resistance with the pipette positioned in the centre of the beam, within 100 μm of the coverslip. Peak temperature changes of 15.2ºC and 27.2ºC were observed for pulses of (2.8 mJ) 1 ms and (5.6 mJ) 2 ms, respectively. The model was configured with the fiber positioned 500 μm behind the 100 μm quartz cover slip, aimed at the oocyte on the other side. The oocyte was given the same optical and thermal properties as water for simplicity. As the temperatures were measured within 100 μm of the coverslip along the centre of the fiber, readings presented here were taken over a range from the coverslip surface for both pulse lengths considered. Figure 4 shows the distribution of heat at the end of 1 and 2 ms pulses of the same energy (E pulse ¼ 2.8 mJ) compared with the temperature distribution if heat conduction is ignored. A substantial difference in temperature at the interface of the glass coverslip is present between the two cases with conduction and the case without. When conduction is not considered, the temperature reaches 24.1°C, while the 1 and 2 ms pulses reach 16.2°C and 15.3°C, respectively. Beyond the δ z distance (1 ms ¼ 23.9 μm, 2 ms ¼ 33.8 μm), the heat conduction pulses agree closely with the no conduction case. The heat conduction clearly shows the effect of locating cells on a glass slide, which is not strongly absorbing at the wavelength of light used for stimulation. This may have a more significant effect on smaller cells, such as spiral ganglion neurons. 18 Figure 5(a) shows the change in temperature at positions 0, 25, and 100 μm above the glass surface. The peak temperatures summarised in Table 2 . The two cases where the temperature measured is close to the glass slide both show a much more rapid decrease in temperature than the 100 μm case, which displays a slight increase in temperature for ∼5 ms after the pulse. Additionally, the temperature decay for the 0 and 25 μm cases closely match the behavior observed in the experimental figures. The temperature gradient displayed in Fig. 5(b) also shows a similar trend, with a ∼25% reduction in the gradient, over the first 200 μs of the pulse, when the temperature is measured on the glass. Moving the fiber so it is touching the coverslip increases the temperatures by 20% to 30% due to a reduction in the spread of the beam. The model compares well with the experimental measurements of temperature and shows a decrease in the ratio of temperature to pulse energy similar to that observed in Ref. 6 . It also highlights the difference in peak temperature when cells are located on a nonabsorbing medium and may partially explain the differences seen between in vivo and in vitro work.
Heating During Submillisecond Pulses
Heat conduction during submillisecond pulses is likely to have negligible effect on INS and the temperature gradient during the pulse, as the thermal penetration depth (δ z ) is smaller than the laser beam spot size typically used to irradiate the nerves. Nevertheless, it is still useful to confirm the heating properties of pulses under 1 ms and to consider the thermal decay from different pulse lengths. It also allows results to be compared between experiments more easily and also against theoretical calculations.
A comparison can be made between pulses with a fixed energy, but variable duration (i.e., laser power is proportional to pulse duration) and a fixed power (i.e., energy dependent on pulse length). Figure 6(a) shows the temperature change during pulses of 35 μs, 100 μs, 350 μs, and 1 ms with a constant energy of 2 μJ (λ ¼ 1850 nm, d fibre ¼ 500 μm, while Fig. 6(b) shows the temperature gradient during the same pulses. Figure 7 shows pulses using the same parameters in Fig. 6 (35 μs, 100 μs, Fig. 4 Change in temperature at end of 1 and 2 ms pulses and with no heat conduction considered. Fig. 5 Change in temperature during INS pulse and the resulting decay using the geometry used by Shapiro et al. 350 μs, and 1 ms) with a constant laser power of 20 mW for the duration of the pulse, with (a) displaying temperature and (b) temperature gradient. The pulse energy and power were selected to provide representative levels of the thresholds for 100 μs duration pulses with wavelengths and geometry similar to that in the literature. Figure 6 (a) shows that the increase in temperature is slightly less for longer pulses with the same total energy, due to heat dissipation during the laser pulse. This is confirmed by the temperature gradient for the constant power case [ Fig. 7(b) ], which shows that the gradient decreases slightly over the duration of the 1 ms pulse. Additionally, the decay of heat after the pulse, is over a much greater timescale than the increase of heat from the laser pulse. After the 2 μJ pulse, the temperature gradient reduces to: −0.5°C∕s.
The maximum temperature and average temperature gradient can be more easily compared when plotted against the pulse length. The curves in Fig. 8 show the peak temperature and temperature gradient with different pulse lengths resulting Fig. 8 show the calculated peak temperatures and temperature gradients corresponding to the stimulation threshold results for CAP recordings in gerbil cochleae from Izzo et al. 20 and Richter et al. 29 These calculated values use the model described in this paper with the geometry and laser parameters provided described in the relevant references. When plotted in this way, the Izzo et al. 20 and Richter et al. 29 control and acutely deafened results [ Fig. 8 (a) and 8(b)] visually suggests two regimes: for pulse length ≳100 μs stimulation requires a minimum temperature gradient (i.e., energy over time or laser power) to achieve stimulation and below ≈100 μs, where they suggest a minimum temperature (i.e., minimum pulse energy) is required. However, linear curve fitting based on two separate regimes does not provide a statistically significant improvement in the fit compared with a single line for either a constant power or constant pulse energy. The chronically deafened results from Richter et al. 29 do not follow the same trend as the other data, showing no clear dependence on a temperature gradient or laser power. This may be due to the significant reduction (∼60%) in spiral ganglion neurons due to the deafening process, 29 requiring a larger volume of tissue to be stimulation to achieve the same level of neural stimulation.
A further comparison is made in Fig. 9 with data from Izzo et al., 17 where a more strongly absorbed wavelength of 1937 nm was used to stimulate auditory neurons in a gerbil. Here the model used a distance of 55 μm between the fiber and nerve similar to the distance reported by Ref. 17 . We note that these results are more sensitive to the model parameters, especially the fiber distance and absorption, due to the higher absorption level at this wavelength. This accounts for the larger temperature increases and gradient. The trend of two regimes on either side of 100 μs remains suggestive, as seen in Fig 8, although firm conclusions cannot be drawn as there is only one point above 100 μs.
Discussion
Modeling of heat conduction during INS allows for a more detailed comparison among different pulse parameters, wavelengths, and geometries. Analysis of pulses with a duration greater than 1 ms, shows that heat conduction is a significant factor in determining the final temperature and the temperature gradient. To minimize the thermal relaxation time, the emitter design and wavelength selection should aim to localize the light, as this is the dominant factor in thermal relaxation. It is possible that convection, through fluid perfusion in tissue or, in the case of cochlear stimulation, movement of perilymph, may provide an additional heat transfer mechanism. However, due to the low perfusion rates of most tissues (<0.5 ml min −1 g −1 ) (Ref. 10) , this is unlikely to have a strong affect on final temperatures, or the thermal decay.
The results of the model, when compared with experimental results, suggest that there may be at least two regimes determining the response to an optical stimulus. Therefore, while existing publications do not provide sufficient data to draw a statistically sound conclusion, it is possible that the energy required to stimulate nerves by INS does not scale linearly with pulse length, as multiple biophysical processes appear to underly the mechanism of INS. 6, 8 Further experimentation is required to determine whether this is the case. Furthermore, detailed characterization of the energy dependence of INS will benefit the development of implants, allowing the total energy delivered to the tissue to be minimized while also reducing laser peak power requirements.
Radiant exposures required for a threshold response during INS of in vitro cultures [6] [7] [8] 30 are typically higher than those for INS of peripheral nerves in vivo, 2, 5, 31, 32 which are again higher than those reported in the cochlea. 1, 17, 20, 29 Although it has been demonstrated that auditory hair cells are excitable through an opto-acoustic mechanism during INS in normal hearing animals, 33 results with acutely deafened animals do not show a significant difference in radiant exposures, 29 leaving this anomaly still requiring further explanation.
Some of the difference between in vitro and in vivo work may be due to the cells being located upon a nonabsorbing medium, which does not heat up directly during exposure to the lasers typically used in INS. The model suggests that temperature is around 40% lower on the interface between water and glass, than if heat conduction were not a factor in cases where the cell is completely surrounded by light absorbing media.
Conclusion
Modeling of heat conduction during INS provides further insight into the temporal behavior of INS and improves the ability to compare different geometries and wavelengths. Pulses in the millisecond regime show significant differences in temperatures reached and temperature gradients over the duration of a pulse compared to when conduction is not considered. Analysis of experimental data with the model suggests the possibility of two broad regimes of INS: a pulse energy limited regime below approximately 100 μs and a temperature gradient limited regime for longer pulses. Further use of modeling combined with experimental work will allow the the detailed process behind INS to become better understood.
